We study the electromagnetic beam reflection from layered structures that include the so-called ε-negative and the μ-negative materials, also called single negative materials. We predict that such structures can demonstrate a giant lateral Goos-Hänchen shift of the resonant excitation of surface waves at the interface between the conventional and single negative materials, as well as due to the excitation of leaky modes in the layered structures. Then we replace the conventional layer with a left-handed layer (a material with both ε < 0 and μ < 0). We show that the Goos-Hänchen shift can be positive and negative depending on the type of this layer (conventional or LH material), which can support TE or TM surface waves.
Introduction
The Goos-Hänchen (GH) shift is the spatial displacement of the reflected wave from the position expected by geometrical reflection [1] . Recently, the GH shifts have been extensively studied in various situations, for example, absorbing media [2] , electro-optics crystal [3] , and periodic structures [4] . The GH shift has potential applications in various optical fields, such as oscillating wave sensors [5, 6] , optical temperature sensors [7] , and optical waveguide switches [8] .
Excitation of surface waves can enhance dramatically the value of the GH shift for the beam reflection because such surface waves can transfer the energy of the incoming beam along the interface [9] . The basic theory about surface waves was developed by Yariv and Yeh [10, 11] . Also, theoretical [12] and experimental studies [13] of the properties of microstructures containing left-handed metamaterials (LHMs) demonstrate that an interface between the conventional, so-called right-handed (RH) material and double negative materials (DNG) media can support surface waves of both TE and TM polarizations [14, 15] . This includes DNGs in which both ε < 0 and μ < 0, single negative materials (SNGs) in which one of the two parameters is negative, epsilonnegative (ENG) media with ε < 0 (but μ > 0), and mu-negative (MNG) media with μ < 0 (but ε > 0). But in this work, we study the surface waves in the interface between the conventional (DNG) media and SNG media. We show that this structure can support only TE (TM) polarization.
The essential property of multilayered structure is the photonic band gap (PBG) structure originating from the consequence of Bragg scattering. Such a Bragg gap in conventional PCs is strongly dependent on the lattice constant and the incident angle and polarization of light, and is affected by disorder of devices. Jiang et al. [16] found that the ENG-MNG multilayered periodic structures can possess a new type of photonic band gap (called the effective zero-phase gap), which is distinct from the Bragg gap but similar to the zero average index gap [17, 18] . Such a zerophase gap is an omnidirectional band gap and is insensitive to the incident angles and polarizations of the incident light [19] [20] [21] .
In this paper, we consider the Gaussian beam propagation through the one-dimensional photonic crystals (1DPCs) composed of the ENG-MNG multilayered periodic structure. We study the properties of surface waves at the interface between the conventional (DNG) media and SNG media. We show that this structure can support only TE (TM) polarization and demonstrate a number of unique features of surface waves in the SNG band gap. So we can obtain large positive or negative GH shift depending on the excitation of forward or backward surface modes, respectively. In Section 2, we introduce the model of the system under consideration. In Section 3, we study the surface waves and GH shift. Finally, Section 4 concludes briefly.
Theoretical Model
We consider that the propagation of a Gaussian beam through a one-dimensional photonic crystal composed of SNG layers. We assume that each cell of 1DPCs consists of the ENG-MNG layers with the thickness d 1 and d 2 , respectively. Also, we suppose that permittivity and permeability in the ENG and MNG are given by [22] 
which ω ep and ω mp are the electronic plasma frequency and magnetic plasma frequency, respectively. The single-negative frequency range of each medium is approximately determined by ω 2 < ω 2 ep (for ENG layer) or ω 2 < ω 2 mp (for MNG layer). In the following calculation, we choose ω ep ω mp 10 GHz. SNG photonic crystal was capped by a layer of the ENG material (with width d c ), and this layered structure was separated from dense medium by a conventional (or negative) layer as shown in Fig. 1 . To study the GH shift in this structure, we suppose that the dielectric layers are in the x-y plane and the z direction is normal to the interface of each layer. Indeed, Fig. 1 represents two different structures, one with a conventional layer, so-called CEM, another with a LH layer, so-called DEM. We investigated these layered structure and compare results. For CEM structure, we consider the propagation of the TE-polarized waves [23] . We look for stationary solutions propagating along the interface that satisfy the scalar Helmholtz-type equation. To find the surface modes, we use the well-known transfer matrix method [24] . Also we obtain the exact dispersion relation for TE surface waves by following [25] .
To study the GH shift in this structure, we consider that the incident beam has Gaussian profile
where a is the width of beam, θ is the angle of incidence of the beam, and k x0 k 0 sin θ is the wave number component along the interface with k 0 ω ε 0 μ 0 p ∕c. We can define the lateral shift Δ r of a wide beam reflected by a periodic dielectric structure as
where φ is the phase of the reflected coefficient and k x is the wave vector component along the interface. The relation (2) is obtained with the assumption that the beam experiences total internal reflection and the phase of reflection coefficient φ is a linear function of the wave vector component k x across the spectral width of the beam. Meanwhile, in the case where the phase φ is not a linear function of the wave vector component, k x , the approximate formula (2) for the shift of the beam as a whole is not valid [26] . In such a case, one can first obtain the structure of the reflected beams as follows:
where E i is Fourier spectrum of incident beam and Rk x is the reflection coefficient. For calculation of the Bloch modes, we use the well-known transfer matrix method [24] . By using the transfer matrix method the reflection coefficient for our geometry can be found as R −M 12 ∕M 11 , where M 12 and M 11 are the elements of the transfer matrix. The relative beam shift, Δ 1 , can be defined as the normalized first momentum of the electric field of the reflected beam, where 
In the similar method we excite the TM surface waves and obtain negative GH shift. We show that positive GH shift due to excitation of TE surface wave in CEM structure while negative GH shift due to excitation of TM surface wave in DEM structure.
Results and Discussion
In the following, we summarize the dispersion properties of the surface waves in the second SNG band gaps, which is in the microwave rang suitable for the SNG metamaterials. In Fig. 2 , we plot the dispersion curves of CEM and DEM structures for different thickness of the cap layer d c 3d 1 (solid and blue lines), d c d 1 (dashed and green lines), and d c 0.01d 1 (dotted and red lines). Our studies show that the CEM structure can support only TE-polarized surface states, as shown in Fig. 2(a) , while the DEM structure can support TM-polarized surface modes, as shown in Fig. 2(b) , provided that d 1 ∕d 2 < 1. So, the occurrence of the TE-polarized and the TM-polarized SMs depends on the type of structure (CEM and DEM). To show the property of surface modes we consider the thickness of ENG and MNG layers d 1 6 mm and d 2 8 mm, respectively. In Figs. 2(c) and 2(d), we plot the dispersion curves of TE-polarized and TM-polarized surface states on the plane of ω versus the propagation constant β (a wave number component along the interface) for different thickness of the cap layer. One can see that the dispersion curves are intersected together at a single point on the (ω, β) plane for both the CEM and DEM structures. In other words, there is a frequency and an angle of incidence for which we can excite TE and TM polarized surface modes independent of d c and the type of the structures. Moreover, the dispersion curves of TE-polarized (TM-polarized) surface modes have positive (negative) slope, as seen in Figs. 2(c) and 2(d), respectively. Such modes are termed as forward and backward modes, respectively. The slope of the dispersion curve determines the corresponding group velocity of the mode. In the forward wave, the direction of the total energy flow coincides with the propagation direction, while in the backward wave the energy flow is backward with respect to the wave vector. Physically, this difference can be explained by looking at the transverse structure of these two modes. So, in CEM (DEM) structure all modes are forward (backward) modes.
Figure (3) shows the transverse profile of the TEpolarized and TM-polarized surface waves versus coordinate z for two different thicknesses of cap layer in CEM and DEM structures. All modes have the same frequency ω 5 GHz and wave numbers β 1.5, corresponding to the intersection points of Figs. 2(c) or 2(d). Fredkin and Ron showed a combination of alternating layers with the ENG materials and layers with the MNG materials is equivalent to a LH medium [3] . Meanwhile, the structure containing LH medium can support backward modes. We demonstrate that the structure containing ENG-MNG materials in the vicinity of LH medium can support backward modes while in the vicinity of RH medium can support forward modes.
To study the GH effect, we add the dense medium to CEM and DEM structures. For CEM structure, relative GH shifts versus angle of incident beam for different thickness of conventional layer are shown in Fig. 4(a) . Dependence of the GH shift on the thickness of conventional (LH) layer of CEM (DEM) structure is shown in Figs. 4(b) and 4(c). The maximum of GH shifts occur in optimum thickness of conventional (or LH) layer, L 7.38 mm. By choosing optimum thickness of conventional layer in CEM structure, we can have a positive GH shift due to the excitation of the forward surface waves, as shown in Fig. 5(a) . Also the negative GH shift of the reflected beam will be observed for an excitation of the backward surface waves in DEM structure as show in Fig. 5(b) . More interestingly, by replacing conventional layer with LH layer in one structure, we can obtain negative GH shift instead of positive GH shift for incidence angle of beam θ 25.3.
We perform numerical simulations to show the backward and forward surface states, which are presented in Fig. 6 . The field distribution of surface states corresponding to Figs. 6(a) and 6(b) are shown in Figs. 6(c) and 6(d), respectively. To do this, we considered the relation (4) for the reflected beam and calculated the dependence of field amplitude on the coordinate z using the transfer matrix method. We conclude that the surface wave, excited at the interface, has a distinctive vortexlike structure. This surface wave transfers energy in the negative or positive direction depending on the backward or forward surface state. Thus the energy is reflected from the interface as a shifted beam.
Conclusion
We investigated the excitation of the electromagnetic TE-polarized and TM-polarized surface waves in one-dimensional periodic photonic crystal consisting of single negative layers that were separated from dense medium by conventional or double negative material (so-called CEM or DEM structures). We showed that the CEM structure can support only TE-polarized surface waves while the DEM structure can support only TM-polarized surface waves when the relative thickness of layers in the period of structure is less than one. We observed these structures could exhibit a giant lateral shift due to the resonant excitation of surface waves at the interface between the dense medium and photonic crystal. Excitation of a forward TE-polarized surface wave results in a positive GH shift, and the excitation of a backward TMpolarized surface wave results in a negative GH shift. Indeed, we obtained a large negative GH shift instead of a large positive GH shift by the replacing of a conventional layer with a double negative layer in one layered structure. 
